Significant changes of stability at sea can lead to dangerous situations and eventually stability failure. Despite its importance, the current intact stability criteria do not evaluate the motion responses of a vessel. More recently, the International Maritime Organization has identified phenomena in seaways responsible for stability failures. These phenomena can cause large roll angles and/or accelerations that can endanger ships due to critical stability situations in waves. The measurement of waves while a ship is underway is a major challenge, but ship motion is a good reflection of the wave characteristics and can be captured. Signal processing techniques are used in the detection and estimation of the influential parameters of a wave through the analysis of motion responses. Some variables of the system can be detected by spectral analysis of heave and pitch responses. These variables are the peak wave frequencies and associated magnitudes which can cause a high roll motion when similar to the roll natural frequency. The instantaneous frequency present in the signal is revealed through spectral analysis of short-time Fourier transforms in less than a minute. The instantaneous frequency is a parameter of practical importance which can be used in decision-making processes to avoid high roll motions.
Introduction
A ship sailing in adverse weather conditions is likely to encounter various kinds of dangerous phenomena; they may lead to capsizing or severe roll. The vulnerability to dangerous responses, including capsizing, and its probability of occurrence in a particular sea state may differ for each ship. 1, 2 In recent years, there has been an increasing interest in the development of the on-board monitoring systems with the view of operational safety. 3 A number of studies suggest that the only way to overcome the many difficulties lies in the development of a time-domain simulation of ship motions in a seaway, 4 including a detailed description of the environment.
Most of the on-board monitoring systems are lacking from an estimate of the weather conditions and in particular the prediction of wave spectrum. Therefore, such systems are more effective in simple cases than in intact stability, where complex dynamics and multiple degrees of freedom are involved. 5 The concept of a wave rider buoy may be applied to ships, despite sailing in an arbitrary direction. However, a moving ship adds to complexity of data analysis and it shall be taken into consideration when the measured ship responses are used for estimation of the wave characteristics.
The ship motions are assumed to follow linear theory in the light and moderate sea states where the relationship between ship motions and waves is modelled by transfer functions. However, prediction of ship motions in response to wave excitation forces becomes vital in a rough seaway which is non-linear and cannot be simply achieved.
It is strongly believed that operational safety of the ship can be significantly improved by monitoring of ship responses 6 to detect wave influential parameters. Through a measured set of ship responses, the potential dangerous events can be predicted on the basis of analysis of the past recorded signals.
It was also emphasised in the International Maritime Organization (IMO) Intact Stability Code of 2002 that a range of sea conditions should be taken into account in order to develop an instrument for evaluating the effect of ship design parameters on ship safety in a seaway.
A reliable and easily applicable method is essential to alleviate the seaway dangers and should avoid any possibility of manual computation. Operational stability is very complex; however, it is important to understand the links between the sea state and the effective course of a ship. The motion behaviours of ships in an environment characterised by waves and wind vary for different types and scopes, which adds to the complexity of dynamic responses at sea.
Aims and objectives
The aim of this study is to develop a method to avoid a reduction of stability for a long period of time or at high roll angles which increase the probability of capsizing. Ship motion is a time-varying phenomenon and can be measured by sensors as discrete time signals. Therefore, signal processing techniques can be employed as a tool to analyse such signals for operational purposes.
The objective of this study is to demonstrate a suitable technique and develop a programme using signal processing techniques to analyse motion responses. The heave and pitch motions are 'in tune' with irregular wave patterns, and therefore, their responses can be regarded as applicable inputs to detect and estimate influential wave parameters. The computer program could help operators to take corrective action to prevent a dangerous situation occurring and eventually stability failure. This can be a reliable method to be utilised as a supplement to the current IMO recommendations 1 to avoid dangerous situations in adverse weather and sea conditions. This article uses the short-time Fourier transform (STFT) technique to detect and demonstrate the identified wave parameters. The vulnerability of ships to different seas and operating conditions can be monitored to provide early warning of critical stability situations. This early warning can be achieved in approximately half a minute. If the master is notified of a deteriorating situation, then he would be able to make operational decisions in ample time by changing course and/or speed. The master is the sole person responsible for taking decisions in adverse conditions and should be provided with sufficient information to justify the subsequent manoeuvring action.
Analysis of measured time series
Simple waves are readily analysed due to their perfect regularity, but they do not accurately depict the variability of ocean waves.
Spectral analysis is a powerful and popular approach that exists for treating complex waves. Spectral analysis assumes that the sea state can be considered as a combination or superposition of a large number of regular sinusoidal wave components with different frequencies, amplitudes and directions.
The spectral approach indicates which frequencies have significant energy content and can readily be plotted in a frequency versus energy density graph, which can provide important information either about a wave sample or ship motion responses. In general, time series are analysed over short periods, from 20 min to several hours which are too lengthy for online monitoring. Without a proper technique for recording and analysing the waves experienced by a ship, the results obtained can only be related to potentially unreliable visual estimates of the sea state.
The techniques commonly used for wave measurement are as follows: sea state estimated by observers at sea; satellite altimeters; radar wave; accelerometer mounted on a meteorological buoy; wave gauges.
Accuracy, availability and delays in obtaining data for the analysis of time series were the main constraints to the implementation of the above methods for online monitoring of ship responses. However, considerable progress has now been made in the application of statistical methods to quantify the characteristics of waves on the sea surface, and these methods form one of the foundations of the modern theory of seakeeping. 7 It was first suggested in 1953 that a ship could be treated as a filter with an input, not of electrical signals, but instead waves. 8 The ship as a black box receives the waves as an input, which contains a number of different frequencies and components, and generates ship motions as the output (see Figure 1 ).
The motion responses could be the best representation of the current sea state, and signal processing techniques could be an effective way to detect wave influential parameters through the analysis of heave and pitch motion responses. These variables are the peak wave frequencies and associated magnitudes which can cause a high roll motion when close to the roll natural frequency.
Throughout this article, the term 'peak frequency' will be used to refer to frequency at the peak of the spectrum defined by dS(v)=d(v) = 0.
Signal processing methodology
The introduction of time-frequency (TF) signal processing has led to the representation and characterisation of a time-varying signal using a time-frequency distribution (TFD). 9 TFD is a two-dimensional function which simultaneously provides time and spectral information. The distribution of signal energy over the TF plane shows information not available in the time or frequency domain alone. This includes a number of components present in the signal, such as time duration, frequency bands, relative amplitudes, phase information and instantaneous frequency (IF) in the TF plane. 10 The typical aim of signal processing is to find a representation in which certain attributes of the signal are made explicit. However, the representations of a signal are not unique; therefore, the central issues of signal processing are how to construct a set of the elementary functions fc n g n2Z and how to compute the corresponding dual functions fĉ n g n2Z . Either of these can then be used for analysis functions to compute the expansion coefficients or to transform. By the expansion, we can represent a given signal in an infinite number of ways. For good measurements, the set of analysis functions should be selected to give the less computational and reasonably accurate measurements.
The detailed discussion of characterising the time duration and frequency bandwidth to find the relationship in terms of joint TF analysis is given in Appendix 1.
Alternative approaches in signal processing
The main focus of this research is to determine a distribution that represents the signal energy concentration simultaneously in time and frequency without blur and cross terms (CTs) in order that closely spaced components can be easily distinguished.
The spectrogram is the most widely used tool for the analysis of time-varying spectra and is expressed mathematically as the magnitude square of the STFT. Another approach is a tool which was developed upon the concept of scale rather than frequency 11 and is the squared modulus of the wavelet transform. The scaling function filters the lowest level of the transform and ensures that the entire spectrum is covered. The key to successful design of TFD lies in the selection of the decomposition algorithm. The components obtained from a decomposition algorithm depend largely on the type of basis functions used. In both the analyses, the basis functions are localised in frequency, making mathematical tools such as power spectra and Scalogram (equivalent of a spectrogram for wavelets) useful for identifying frequencies and calculating power distributions.
For STFT-based signal decomposition, virtually any function can be used as the window function, whereas one main issue for wavelet analysis is how to generate a desired mother wavelet. Thus, wavelet analysis provides immediate access to information that can be obscured by other TF methods such as STFT. However, to apply wavelet analysis, a certain level of mathematical preparation is required for windowing technique with variable size.
The Wigner-Ville (WD) distribution is a form of TFD formulated by a multiplicative comparison of a signal with itself, 12 expanded in different directions about each point in time. It is qualitatively different from a spectrogram and produces the energy concentration along the IF for linear frequency modulation. However, the use of the WD in practical applications is limited 10 by the presence of CTs resulting from interactions between signal components. These CTs may lead to an incorrect visual interpretation of the signal's TF structure and are also an interference to pattern recognition. Moreover, if the IF variations are non-linear, then the WD cannot produce the ideal concentration.
These methods are known as quadratic TFDs because the signal representation is in quadratic form. None can be effectively used in all possible applications because all suffer from one or more problems. However, STFT and its variations are simple and easy to manipulate and are still the primary and most commonly used methods for analysis of a time-varying signal. Therefore, in this study, STFT is chosen as a suitable technique to analyse motion responses, and the detailed procedure for computing STFT is given in Appendix 2.
Accuracy of the presented data
The theoretical properties and application fields for the large number of TF energy distribution methods have now been well determined and are widespread. 13 Although many quadratic TFDs have been proposed, none can be effectively used in all possible applications.
An important feature of TFD methods is readability, and an ideal TFD function requires the following four properties: 10 High clarity, which makes it easier to be analysed. This requires high concentration and good resolution of the individual components for multicomponent signals. CTs elimination, which avoids confusion between noise and real components in a TFD for non-linear TF structures and multicomponent signals. Good mathematical properties, which benefit its application. This requires that a TFD should satisfy the total energy constraint, univariate marginal distributions in time and frequency and positivity issue not to be negative elsewhere.
Low computational complexity means the time needed to represent a signal on a TF plane. Weak signal mitigation may increase computation complexity in some cases.
A spectrogram is expressed mathematically as the magnitude square of the STFT of a signal and is given by
where x(t) is a signal and h(t) is a window function. However, STFT method of analysis suffers from a number of limitations: 2 Time and frequency representations are related by the Fourier transformation, so that a signal behaviour in the time domain and frequency domain is not independent. Therefore, the signal time duration and frequency bandwidth cannot be made arbitrarily small simultaneously. Presentation of data by a spectrogram provides bias estimation of the signal IF and should be taken into consideration when used as a measuring tool. All real measurements are disturbed by noise (i.e. wind, wave, hull and engine vibrations, variations of temperature, variations of humidity, etc.).
Description of the experimental set-up and measurements
For the purpose of determining the capability of STFT technique in detection of influential wave parameters, a series of model tests have been carried out. The experiments were conducted in a towing tank, and the model chosen was a roll-on/roll-off (Ro-Ro) ship. Details and results of the systematic motion tests provided from a previous study 14 were based on a range of significant wave heights and peak frequencies and were chosen to develop a particular short-term sea state with a Pierson-Moskowitz (PM) sea spectrum.
The experiments involved systematic measurements of six-degrees-of-freedom (6DOF) motion responses. It comprises three different headings in irregular seas of a stationary model hold in place by mooring lines. Mooring lines were connected to the bow and stern at the water level so that essentially the lines remained horizontal. Qualisys Track Manager (QTM) with a ProRelex motion capture camera was used to track the motions, and this provided a quick way to obtain accurate 6DOF information compared with traditional methods using motion sensors attached to a model. Waves were recorded by two pressure probes, and data were recorded and analysed using the software LabVIEW. Comparative observations of restorative motions were carried out for heave, pitch and roll responses.
The total number of recorded runs was 27, which consisted of 3 peak frequencies, with 3 significant wave heights and 3 heading angles, as shown in Table 1 .
The wave conditions stated in Table 1 were selected in order to maximise the possible test runs over a wide range of frequencies.
Presentation and discussion of the results
A natural seaway can be decomposed into a sum of sinusoidal waves, each having a relatively small steepness, even for a severe sea. Therefore, the spectral approach with a sum of waves constitutes a valid representation for a random sea. Seaway spectra are narrowbanded, 15 and the total wave energy is concentrated at a narrow frequency range.
The discrete time-varying data of the motion responses and incoming waves were analysed through the power spectral tool. 16 Figure 2 shows the results from one of the test scenarios which demonstrates how the power spectral density (PSD) of an irregular wave, heave, pitch and roll motion is distributed over a range of frequencies during an 8-min period.
A variety of methods were used to assess the signal for comparison purposes such as wavelet analysis of the same scenarios shown in Figure 2 . Wavelet analysis can be useful for identifying frequencies and calculating power distributions, but in this case, the extent of the information obtained provided little extra detail over that resulting from the PSD.
The results of Figure 2 suggest that the heave and pitch motions are strongly coupled and their responses have similar patterns. It is interesting to note that the peak frequency of both motions is very close to the peak wave frequency, while the roll motion tends to remain close to its natural frequency. This condition is more or less maintained in every sea condition and at every heading angle. These findings suggest that both heave and pitch motion responses are a good reflection of waves and can be used to determine present seaway peak frequency, and the outcome can be employed to predict a ship's roll behaviour. The energy of a seaway changes gradually and can be considered to be constant for short periods of time. However, the duration of the above analysis may not be sufficiently short to provide ample time for decision making. Therefore, a fast and reliable method is required for online monitoring of dynamic ship responses.
Heave and pitch sensitivity to irregular sea waves
The results obtained from the analysis of 27 test conditions indicate that the peak frequency of heave motion and pitch motion tracks that of peak wave frequencies for every sea state, including significant wave heights and wave directions. 14 Figure 3 presents the motion responses of the ship; the x-axis describes the sea conditions (defined as 'low', 'medium' and 'high' for the three different peak frequencies utilised in generating the wave spectrum), and the y-axis is the estimated peak frequency (Hz). The results are presented for the three values of significant wave height H S and are defined as 'small', 'medium' and 'large'.
As depicted in Figure 3 , in a following sea, the coupling effects of heave and pitch motions are obvious at every H S value tested and closely follow the peak frequency of waves in different sea conditions.
The results in a quartering sea are interesting because the coupling effects of heave and pitch motions are similarly maintained throughout the change in heading angles. However, in a beam sea, the strong couplings among motion responses were dominated by roll and heave motions around the roll natural frequency. The pitch motion response tracks the peak wave frequency but is less sensitive at the low sea condition.
It was observed that the changes in heave and pitch magnitudes are in line with the changes in wave magnitudes. However, the roll motion maintains its highest oscillation around the natural frequency in all sea conditions, regardless of the heading angle. Therefore, roll is magnified when the peak frequency of the wave approaches the natural roll frequency; alteration of course away from a beam sea improves the roll motion.
Roll sensitivity to irregular sea waves >The results obtained from Figure 3 indicate that although heave and pitch motion identifies the wave pattern, the roll motion follows its natural frequency. Figure 4 presents the sensitivity of the roll motion with respect to the peak wave frequency for different wave directions and significant wave heights. The results obtained show that the roll motion is magnified, while the irregular peak wave frequency is in close proximity to the roll natural frequency. It is also apparent that there is a direct relationship between roll intensity and significant wave height for all sea conditions. The inconsistent roll response in a following sea could be due to parametric rolling where both heave and pitch peak frequencies are about half of the roll natural frequency. Further work needs to be done with regard to this aspect of dynamic behaviour.
Detection of wave influential parameters
For online monitoring of a ship's dynamic stability, a relatively reliable and fast method is required to detect peak wave frequencies and associated magnitudes. By referring to Figure 3 , we can see that a time frame of 8 min is rather long and a ship could have been lost in the case of a critical situation. The STFT approach was chosen to analyse the recorded data. These data are from incoming waves as well as heave, pitch and roll motions in the form of discrete time-varying signals. STFT has a number of attractive features which can detect signal characteristics that are not obvious in the time or frequency domain alone. Detection and estimation of peak frequency and associated amplitude can be achieved in less than a minute, as discussed below.
Spectrograms of each motion response are shown in Figures 5 to 7 after computing the STFT of the signal. The STFT spectrogram is calculated as the magnitude square of the elements in the STFT. Because the fast Fourier transform (FFT) returns symmetrical results (the input data are real, in which case the outputs satisfy the symmetry), the spectrogram shows only the left half of the STFT. Note that the top-left window of the spectrogram contains the intensity graph. The spectrogram returns the quadratic TF representation of a signal, and each row corresponds to the instantaneous power spectrum at a certain time. The lower window depicts the sampled time signal, and the right window the corresponding frequencies of the sampled signal obtained by FFT. In Figures 5 to 7 , the detected and estimated peak frequencies and magnitudes of heave, pitch and roll responses are illustrated for a sampled signal of 20.5 s duration.
Effect of window and sampling on the quality of detection
An important feature of a spectrogram is its readability which corresponds to a good concentration of the signal components. The type of window and sampling size can influence the visual interpretation which is necessary for good discrimination between known patterns.
Window effect. A window function is a mathematical function that is zero-valued outside of a chosen interval. The window functions 17 used are non-negative, smooth 'bell-shaped' curves, though rectangle and triangle functions and other functions are also sometimes used. The Fourier transform is applied to the product of the waveform and a window function; however, different window type affects the spectral estimate computed by this method.
Critical analysis. A serious weakness with window method is the spectral leakage. Windowing develops non-zero values at frequencies other than v which tends to be at the highest near the v. However, the leakage from the larger component can obscure the weaker.
The rectangular window has excellent resolution (low-dynamic range) characteristics for signals of comparable strength, whereas low-resolution (highdynamic range) windows such as Blackman-Harris and flat top are often justified in wideband applications, where the spectrum being analysed is expected to contain many different signals of various amplitudes.
The sensitivity is the key issue with low-resolution windows where the response to noise will be higher. In other words, the ability to find weak sinusoids among the noise is diminished by a high-dynamic range window.
In between the extremes are moderate windows, such as Hamming and Hanning. They can be used in narrowband applications, such as the spectrum of a seaway.
Taken together, these results suggest that the spectral analysis involves a trade-off between resolving comparable strength signals with similar frequencies and resolving disparate strength signals with dissimilar frequencies, when the window function is chosen.
Different window types employed in the detection of TF roll response for the duration of 20.5 s are shown in Figure 8 . There is a slight difference in the detected magnitudes (intensity bar on the top-right corner), whereas the differences are significant for the peak frequencies.
Sampling size. A comparison of three different sample sizes is shown in Figure 9 , indicating that the quality of detection is affected considerably. It is apparent that variation in magnitude is significant and that the result is also influenced by the sampling rate, which is 100 Hz in this scenario.
Window length. This shapes the time resolution and the frequency resolution of the STFT. A narrow window results in a fine time but a coarse frequency resolution because of the short time duration and wide frequency bandwidth. However, a wide window results in a fine frequency but a coarse time resolution. Therefore, the window length should be calibrated for optimum concentration and obviously better resolution. The energy density distribution of a roll motion response is shown in Figure 10 for different window lengths. It is obvious that frequency becomes coarse once the time duration is shorter.
Frequency bin. This specifies the FFT size of the STFT. The frequency bin defines the number of bins which directly affect the resolution and described as ratio of sample size to number of sample. It should be adjusted for optimum concentration and improved resolution. The energy density distribution of a roll motion response is concentrated at higher frequency bins depicted in Figure 11 . Higher resolution improves detection of the peak frequency with better accuracy.
Conclusion
This study is based on the spectral analysis of a motion response test of a model of a Ro-Ro vessel in irregular waves. This has produced results which corroborate the findings of the previous work. However, the main objective was to explore the signal processing technique to detect and estimate the frequency of the peak amplitude and associated magnitude of encountered waves. The following conclusions can be drawn from this study:
The evidence from this study suggests that STFT is a suitable method for the detection and estimation of a time-varying signal of motion responses. The IF and magnitude of heave, pitch and roll motions could be obtained through this signal processing technique. One of the most significant findings to emerge from this study is that the detection of peak frequencies and associated magnitudes of motions could be achieved in less than a minute. The study has shown that heave and pitch motions can be used to identify the encountered wave pattern and therefore enable the peak wave frequency and magnitude to be predicted. High roll motion can be avoided by monitoring the roll natural frequency and ensuring that it is not close to the peak wave frequency. Therefore, online monitoring of dynamic stability can be achieved.
Future work
If this debate is to be progressed, a better understanding of different ship hull responses needs to be developed. More broadly, research is also needed to consider the effect of length, displacement and speed.
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An alternative method to compute the mean frequency of equation (5) is the application of time derivative property of Fourier transform This method simplifies the computations involved and assists to understand the relation between time and frequency behaviour as explained by Qian. 18 We can define a new function H(v) = vS(v).
Substituting H(v) into equation (5) and then applying Parseval's formula by considering the time derivative h(t), the following are obtained
The general form of time signal s(t) = A(t) e ju(t) , where A(t) and u(t) are the magnitude and phase, respectively, and both are real.
Substituting the time signal in equation (7), we have
The mean frequency v is real; therefore, equation (8) 
Equation (9) defines the relationship between time and frequency where u9(t) is known as mean IF and act as weighted average. Boashash 19 makes clear that apart from differentiation of the phase and smoothing thereof, there are many well-established methods for estimating the IF, for example, adaptive frequency estimation techniques such as the phase-locked loop (PLL), and extraction of the peak frequency from time-varying spectral representations.
Processing the frequencies of the spectral peaks reveals unambiguous and accurate information about the IFs present in the signals, 10 which makes the IF a parameter of practical importance in situations such as a ship's motion applications. Similarly, the concept of variance can be used to measure the signal energy spreading in time and frequency domains. If 2Dt and 2Dv are defined for the time duration and frequency bandwidth, then
and
Equations (10) and (11) are the standard definitions of variance and specify the signal spreading with respect to mean time and mean frequency.
Frequency variance can also be expressed as a function of time, 18 similar to mean frequency as discussed earlier
Equation (12) indicates that the frequency bandwidth can be determined from u9(t) and the magnitude variation A9(t). Therefore, to obtain a narrowband signal, either the magnitude or the phase could be smoothed.
